Introduction
Microfluidics, which can be implemented with bio/chemical protocols to enable the decreased use of reagents and lower sample volumes, have attracted much attention. However, the corresponding detection systems still remain large. The eventual success of microfluidic technologies, such as integrated chemical analysis systems, micro total-analysis systems (μ-TAS) and "Labs-on-a-Chip", will in great part depend on the realization of high-performance detection systems with reduced size. Microfluidic chips integrated with electrochemical sensors are expected to be candidates for realizing integrated chemical analyzing systems, μ-TAS and Labs-on-a-Chip. Capillary electrophoresis with amperometric detection will be one of the most useful microfluidic platforms for integration with electrochemical sensors, but various researchers have already proposed different methods for achieving electronic isolation of the electrochemical sensors from the electrophoretic high-voltages. [22] [23] [24] [25] [26] [27] [28] [29] On the other hand, potentiometric sensors such as ion-selective electrodes (ISEs) and ion-selective field-effect transistors (ISFETs) are suitable for electrochemical detection in capillary electrophoresis applications because they can avoid electronic isolation and can provide highly-sensitive detection. 20, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Horiike et al. 15, 16 have reported the production of ISFET-based healthcare chips fabricated on a polyethylene terephthalate plate and based on a micromolding technique for the determination of pH, Na + and K + . The use of a micromachining process for microfluidic chips is useful for mass production, but such a process is very complicated for chip design studies. We have also carried out preliminary investigations into microfluidic chips integrated with ISFETs fabricated on polystyrene plates, which use stainless wire as a template for the channel. 42, 43 To realize the development of this type of microchip with an integral ISFET for application to real samples, we pointed out that high-sensitivity ISFETs should be developed.
Cationic surfactants are widely contained in disinfectants, hair rinses and emulsifying agents. The determination of cationic surfactants in aqueous solutions is very important because of their toxicity to various organisms.
Solvent extractionspectrophotometric methods that rely on the formation of an ion pair with a colored counter-ion and an extraction of the ion pair into a suitable organic solvent have been used for the determination of cationic surfactants. [44] [45] [46] [47] [48] However, the procedures used in these techniques are time-consuming and complicated. Furthermore, high quantities of harmful organic solvents are used in the determination processes. Cationic surfactant-ISEs and cationic surfactant-ISFETs provide an attractive analytical method for the determination of cationic surfactants, because the procedures are simple and do not rely on the use of large amounts of harmful organic solvents. [49] [50] [51] [52] [53] [54] [55] [56] [57] In this research, we developed a new cationic surfactant-ISFET based on ion-pairs of several hydrophobic tetraphenylborate derivatives with a cationic surfactant as a sensing membrane, and we report on the fabrication and characterization of a microfluidic polymer chip with a cationic The cationic surfactant-ISFET shows excellent selectivity for Zephiramine over small inorganic cations, but shows similar selectivity for other cationic surfactants, such as hexadecyltrimethylammonium and stearyltrimethylammonium ions. A microfluidic polymer chip was integrated with the cationic surfactant-ISFET, and this was fabricated using polystyrene plates and stainless wires as a template for the channel. Cationic surfactant-ISFETs used in a batch system and microchips integrated with cationic surfactant-ISFETs showed very similar performance in terms of low detection limits, slope sensitivity and the stability of the potential response. The microfluidic polymer chip was then applied to the determination of cationic surfactants in dental rinses. surfactant-ISFET using a small diameter wire as a template for the channel. Furthermore, the microchip that we developed was applied to the determination of a cationic surfactant, cetylpyridinium chloride, in dental rinses.
Experimental
Chemicals Sodium salts of four TPB derivatives: tetraphenylborate (TPB), tetrakis(4-fluorophenyl)borate (Cesibor), and tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TFPB) and potassium salt of tetrakis(4-chlorophenyl)borate (TCPB) were used as the cation exchangers for cationic surfactant-ISFETs. The TPB derivatives were obtained from Dojindo Laboratories. According to the manufacturer's specifications, the purity values of the TPB derivatives were as follows: TPB (more than 99.5%), Cesibor and TCPB (more than 98.0%), TFPB (more than 99.0%).
Poly(vinyl chloride) (PVC) (degree of polymerization: 1100) was obtained from Wako Pure Chemicals Co. 2-Nitrophenyl octyl ether (NPOE) and tetradecyldimethylbenzylammonium chloride (Zephiramine) were also obtained from Dojindo Laboratories. The purities of the NPOE and Zephiramine are more than 99.0% and 98.0%, respectively, according to the manufacturer's specifications. Stearyltrimethylammonium bromide (Stearyl), hexadecyltrimethylammonium bromide (Hexadecyl), dodecyltrimethylammonium bromide (Dodecyl), tetradecyltrimethylammonium bromide (Tetradecyl), benzylcetyldimethylammonium chloride (Benzylcetyl) and cetylpyridinium chloride (CPC) were obtained from Tokyo Chemical Industry Co., Ltd. All other reagents were of guaranteed grade.
Fabrication of cationic surfactant-ISFETs and measurement of the potential response in a batch system
A NPOE solution of 1.0 × 10 -2 M TPB derivatives (2.00 mL) was prepared in a test tube. TPB, Cesibor, TCPB and TFPB were used as the TPB derivatives. Next, 2.0 mL of 1.0 × 10 -2 M Zephiramine aqueous solution was added to the test tube. The test tube was shaken for 1 day at 50˚C. After the NPOE phase and water phase were separated by centrifugation (10 min, 3000 -4000 rpm), the NPOE solution (1.00 g) was pipetted into a beaker. The NPOE solution and PVC powder (0.40 g) were dissolved in 10 mL of tetrahydrofuran (THF) in the beaker.
A cationic surfactant-ISFET was fabricated by coating the gate of a pH-sensitive FET (Shindengen Co. Ltd., Japan, 340 μm × 5500 μm × 200 μm) with the THF solution several times. The cationic surfactant-ISFET was preconditioned with 10 -3 M Zephiramine for 2 days. The response behavior of the cationic surfactant-ISFET to a cationic surfactant was examined by measurement of the electromotive force (emf) of the following electrochemical cell assembly:
The emfs were measured for 12 min for one sample solution.
The emf values of which the variation with time reached 0.5 mV/min were adopted. In general, the stable emf was obtained within 5 min, and the variation of emf with time was very small. Reproducibility of the potential response was checked by standard deviation of average slope values obtained with multiple calibration (n = 9).
Microfluidic polymer chip integrated with cationic surfactant-ISFET and flow system for measuring a cationic surfactant
Channels of a polymer-based microchip embedded with cationic surfactant-ISFET were fabricated using polystyrene plates (ITEM 70128 500, Tamiya Co. Ltd., Japan) and stainless wires (SUS304-W1, Waki Industrial Co. Ltd., Japan) according to almost the same method. 11, 42, 43 The chip design of a polymerbased microchip embedded with cationic surfactant-ISFET is the same design as that shown in the previous paper. The microchip consisted of a sample reservoir, sample injection channel (effective length: 40 mm), a cationic surfactant-ISFET, a Ag-AgCl wire as a reference electrode and a waste reservoir, as shown in Fig. 1 . The mixed solutions of Zephiramine and 1.0 × 10 -2 M LiCl solution were flowed to the sample injection channel with a syringe pump (MD-1001, Ailis Co. Ltd.) at a flow rate of 50 μL min -1 . The Ag-AgCl wire as a reference electrode responds to Cl -ion. The sample injection channel solution should contain Cl -ion in order to measure the potential response between the cationic surfactant-ISFET and Ag-AgCl wire as a reference electrode. Futhermore, Li + ion does not interfere with the response of the cationic surfactant-ISFET at all. Therefore, the mixed solutions of Zephiramine and 1.0 × 10 -2 M LiCl solution were flowed to the sample injection channel.
The potential response between the cationic surfactant-ISFET and Ag-AgCl wire as a reference electrode in the microchip was measured with an ISFET meter (Shindengen Co. Ltd.).
Results and Discussion

Response characteristics of the cationic surfactant-ISFETs
Among the cationic surfactant-ISFETs that were examined, 1066 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 the response characteristics of TFPB-based cationic surfactant-ISFET to Zephiramine were the best from the viewpoints of the dynamic range of the calibration curve, the slope sensitivity and the reproducibility of the potential response. Table 1 shows the response characteristics of the TFPB-based ISFET to Zephiramine. The TFPB-based ISFET showed an almost Nernstian response with a slope of 58.5 ± 1.7 mV/decade for Zephiramine in the concentration range from 1.0 × 10 -6 to 1.0 × 10 -3 M, as shown in Fig. 2 Fig. 3 . The potential of the ISFET is independent of variations in the value of pH in the pH range from 3 to 9 for 1.0 × 10 -5 M Zephiramine. This shows that the ISFET can be used over a relatively wide pH range, from 3 to 9. At either high pH (above pH 10) or low pH (less than pH 3), the potential of the ISFET may suffer interference from H + or OH -ions.
The selectivity of the cationic surfactant-ISFETs
The selectivity of the cationic surfactant-ISFET with respect to Zephiramine was examined using the separate solution method. 58, 59 To determine the selectivity coefficients of the Table 2 indicate that the ISFET shows excellent selectivity for Zephiramine over the inorganic cations, and that it shows similar selectivity to other cationic surfactants such as hexadecyltrimethylammonium and stearyltrimethylammonium ions. The cationic surfactant-ISFET shows high selectivity for these cationic surfactants over inorganic cations. From such results, we can conclude that the total cationic surfactants in commercial detergents and environmental water can be determined by the developed cationic surfactant-ISFET. Figure 4 shows the potential response of a microfluidic polymer chip with a cationic surfactant-ISFET. The cationic surfactant-ISFET in the microfluidic polymer chip shows an almost Nernstian response with a slope of 55.8 ± 2.4 mV/decade (γ = 0.9999) to Zephiramine in the concentration range from 1.0 × 10 -6 to 1.0 × 10 -4 M. The results summarized in Table 1 or Fig. 2 are based on the batch system. On the other hand, the result in Fig. 4 is based on the microchip system. However, the linear ranges are different; while the former spans three orders of magnitude in concentration, the latter spans only two orders. The result in Fig. 4 Zephiramine and 1.0 × 10 -2 M LiCl, respectively. The ISFET responds to Zephiramine only and does not respond to micelles of Zephiramine. Therefore, the difference between the results summarized in Table 1 or Fig. 2 and those in Fig. 4 is due to the difference in the CMC values. The cationic surfactant-ISFET in a batch system and in the microfluidic polymer chip showed similar performance in terms of low detection limits, slope sensitivity and the stability of the potential.
Response characteristics of a microfluidic polymer chip integrated with cationic surfactant-ISFETs
Application of the microchip to the determination of cationic surfactants (CPC) in commercial dental rinses
The developed microchip has high selectivity for cationic surfactant ions over inorganic cations and low selectivity among the same kind of cationic surfactants with high hydrophobicity. Therefore, it is expected that one will be able to determine a single cationic surfactant or the total cationic surfactants in real sample solutions such as commercial dental rinses by the developed microchip. The microchip also shows a Nernstian response with a slope of 57.3 ± 1.6 mV/decade for the CPC from 1.0 × 10 -6 to 1.0 × 10 -4 M, after the microchip was preconditioned with 10 -3 M CPC for 2 days. Table 3 shows the results of the recovery test for CPC added to commercial dental rinses by using a calibration curve with CPC solutions. For all of the samples examined in this work, the recovery of the CPC was ca. 95 -103%.
This result shows that the microchip can be applied to determine the level of cationic surfactants (CPC) in commercial dental rinses.
Conclusions
A cationic surfactant-ISFET based on a tetraphenylborate derivative salt, tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TFPB), shows good performance in terms of high selectivity for cationic surfactants over small inorganic cations and good sensitivity to cationic surfactants. Furthermore, the cationic surfactant-ISFET can be used over a relatively wide pH range, from pH 3 -9. Furthermore, a plastic polymer microchip embedded with a cationic surfactant-ISFET was also fabricated. The microfluidic channel was fabricated by using a small diameter wire as a template. The fabricated microfluidic polymer chip with the cationic surfactant-ISFET showed similar performance to that of a cationic surfactant-ISFET in a batch system with respect to low detection limits, slope sensitivity and the stability of its potential response. The advantages of the fabrication method used here are ease of fabrication of the microchip and low cost. The level of cetylpyridinium chloride in commercial dental rinses was determined by the developed microchip embedded with the cationic surfactant-ISFET. From the preliminary results, the microchip embedded with the cationic surfactant-ISFET can be used in methanol concentrations of less than 50%.
This indicated that homologous cationic surfactants can be separated and detected by using the microchip as a detector in capillary electrophoresis while using a methanol solution as a background electrolyte buffer. The application of the microchip to a detector for capillary electrophoresis will be reported subsequently. 
